Object. Intraoperative neurophysiological monitoring has become an integral part of vestibular schwannoma surgery. The aim of this article was to review the different techniques of intraoperative neurophysiological monitoring in vestibular schwannoma surgery, identify the clinical impact of certain pathognomonic patterns on postoperative outcomes of facial nerve function and hearing preservation, and highlight the role of postoperative medications in improving delayed cranial nerve dysfunction in the different reported series.
I ntraoperatIve neurophysiological monitoring has played an important role in modern skull base surgery and vestibular schwannoma surgery. Facial nerve EMG not only helps with identifying the nerve anatomically, but can also preserve the functional integrity and helps to predict the postoperative functional outcome of the nerve. The introduction of routine intraoperative facial nerve monitoring has significantly reduced the incidence of facial nerve paresis in a postoperative physically intact nerve. 10, 23, 24, 26 Brainstem auditory evoked potentials are widely used for intraoperative monitoring of cochlear nerve and brainstem function as a means of hearing preservation during vestibular schwannoma surgery. The different patterns of BAEP have been identified and correlated with postoperative hearing outcome. 13, 20 Direct intraoperative cochlear nerve monitoring is a relatively new tool that has been applied for hearing preservation during the past decade; however, its role is still controversial. 18, 22 Recently, identification of certain intraoperative pathognomonic electrophysiological patterns has translated into perioperative vasoactive and neuroprotective pharmacotherapy with calcium channel blockers in an attempt to decrease delayed hearing loss and facial paresis. 31, 32, 34 In this article, we review the different techniques of intraoperative neurophysiological monitoring in vestibular schwannoma surgery, identify the clinical impact of certain patterns on postoperative outcome of facial nerve function and hearing preservation, and highlight the role of postoperative medications in improving delayed CN dysfunction in the different reported series.
Methods
We performed a MEDLINE search on PubMed for acoustic/vestibular schwannoma surgery with a result of 3507 articles. A refined search for intraoperative moni-Intraoperative neurophysiological monitoring in vestibular schwannoma surgery: advances and clinical implications toring in acoustic/vestibular schwannoma surgery resulted in 288 articles; 249 were in the English language. The systematic review led to 2 major categories: intraoperative facial nerve monitoring and BAEPs for hearing preservation. The various clinical series representing different monitoring techniques were reviewed. Recent studies (1990-present) with the largest patient series (between 30 and 150 patients) that focused on the modern neurophysiological monitoring techniques and their clinical impact were selected. The end result was 34 main articles in the English language. All data from clinical series were analyzed in a comprehensive and comparative model.
Results

Intraoperative EMG Monitoring of Facial Nerves
Recording Procedure. Induction of anesthesia is performed with avoidance of inhalational agents and neuro-muscular blockers. Hemodynamic stability is maintained. Parallel pairs of noninsulated needle electrodes are placed transcutaneously in the lateral orbiculus oculi, the nasal muscle, and the orbicularis oris. The facial nerve stimulation probe is used for direct electrical stimulation to localize the nerve prior to tumor resection and intermittently during dissection of tumor from the nerve. After resection of the vestibular schwannoma, the probe is used to elicit the stimulation threshold at the brainstem and medial to the tumor dissection. The lowest stimulation threshold can be elicited by first applying 0.05 mA and increased in 0.05-mA increments until response amplitude is obtained. The response amplitude achievable with the lowest stimulation threshold is recorded and can be used as a predictor of postoperative facial nerve function. 3, 7, 15, 21, 33 Electromyography Patterns. In addition to intermittent direct electrical stimulation, continuous loudspeaker monitoring is applied as a method of real-time assessment of the functional integrity of the facial nerve. In loudspeaker monitoring, neurotonic activity in the form of audible prolonged activity reflects functional damage to the nerve. This pattern is called train activity. Several train patterns can be recorded with respect to wave characteristics, frequencies, and amplitudes ( Fig. 1) . The A train, described as sinusoidal pattern of high frequency and homogeneous appearance, was shown to be the most sensitive and specific pattern that can indicate postoperative paresis. 26 It produces high-frequency sound of up to 210 Hz from the loud speaker with maximum amplitudes ranging from 100-200 µV and never exceeds 500 µV, whereas the duration varies between milliseconds and several seconds. 24 
Intraoperative Cochlear Nerve Monitoring
Cochlear nerve function monitoring for the purpose of hearing preservation can be performed by recording auditory evoked responses from the ear canal and scalp electrodes, or by direct intraoperative cochlear nerve monitoring. A hearing preservation approach (middle fossa or retrosigmoid transmeatal) is chosen.
Brainstem Auditory Evoked Potentials
The BAEPs are recorded in response to stimulation delivered to the ipsilateral ear. In large tumors causing brainstem compression with no serviceable ipsilateral hearing, BAEPs may be recorded from the contralateral ear as a measure of brainstem function. The BAEP patterns are generally resistant to sedation and general anesthesia. After induction of general anesthesia, a soft ear mold attached with a 12-inch plastic tube is placed and sealed inside the ear canal. For fast auditory brainstem response, a needle connected to the positive grid of the differential amplifier is inserted transcutaneously at the vertex, and a ground electrode is placed 3 cm anterior to the vertex. A needle connected to the negative grid of the differential amplifier is placed in the pretragal area or mastoid tip area. A brief click or tone is delivered at an intensity level of 90-100 dB and at a rate of 31-51 pulses per second. Baseline responses for each ear are recorded before the beginning of surgery and are used as baselines throughout the case. The classic BAEP comprises 5-7 peaks, all occurring within 10 msec of the click; the first 5 peaks (Waves I-V) are the main peaks used in clinical practice (see Fig. 3 in the paper by Legatt 14 ) . Waves IV and V are generated at the upper pons and lower midbrain. 4 Wave V tends to be the most robust and is the most closely monitored during surgery. The surgeon is alerted when the change in latency of Wave V exceeds 0.5 msec or if there is a change in or disappearance of any wave. 14 
Direct CNAPs
The CNAP is a tool used to evaluate the cochlear nerve function in real time. It is used in several centers in addition to BAEPs only during a retrosigmoid approach. The recording can be performed after exposure of the cochlear portion of the CN VIII located on the caudal side of the nerve near the brainstem and anteroventral to the CN VIII at the porus acusticus (Fig. 2) . A Teflon-coated multistrand silver wire electrode with a cotton pledget attached to the wire is placed directly on the cochlear nerve proximal to the tumor. The cotton pledget is secured with the help of Gelfoam to maintain contact with the nerve. 18 The negative electrode is placed at the contralateral mastoid tip area, and the ground electrode is placed at the vertex. The stimuli used are similar to those used in BAEP but with a smaller number of summations. The surgeon is alerted to any change in the CNAP's wave patterns (Fig. 2) .
Intraoperative ECOG is another near-field technique that has been advocated by some neurootologists to directly monitor the cochlear nerve. 13, 35 Electrocochleography monitoring generally requires transtympanic electrode placement because electrode placement in the external ear does not yield a large enough amplitude. 35 A perforation is made in the tympanic membrane for cotton wick or needle electrode placement. Electrode placement outside the surgical field is a major advantage of ECOG over CNAP.
Discussion
Recent advances in intraoperative neurophysiological monitoring techniques have made preservation of CN function a definitive goal in skull base surgery. Resection of cerebellopontine angle lesions, in particular vestibular schwannoma, has benefitted the most from facial and cochlear nerve monitoring. 10, 11, 28 Facial nerve paresis significantly impairs the quality of life and may require several cosmetic and palliative procedures. Postoperative hearing loss in a previously hearing ear leaves the patient with some sort of a permanent handicap and is perceived as a setback for microsurgery. With the refinement of microsurgical techniques and surgeons accumulating more experience with vestibular schwannoma surgery, the goals of surgery are set at a higher level. The early collaboration of neurootologists and neurosurgeons in skull base surgery blossomed the introduction of intraoperative neurophysiological monitoring to vestibular schwannoma surgery, which significantly increased the likelihood of successful preservation of facial and cochlear nerve function. Samii and Matthies 29 reported that functional hearing preservation was possible in 39-50% of 1000 patients after surgery. In other series, hearing preservation was possible in 57% and facial nerve preservation was possible in 95-100% of all patients with tumors < 1 cm; hearing preservation was possible in 33% and facial nerve preservation was possible in 80-92% of patients with tumors measuring 1-2 cm; and hearing preservation was possible in 6% and facial preservation was possible in 50-76% of patients with tumors > 2 cm. 30 
Facial Nerve Monitoring and Functional Preservation
Since Prass and Lüders 23 introduced the direct electrical stimulation and loud-speaker monitoring, it has become the gold standard for intraoperative facial nerve monitoring. The facial nerve position is relatively fixed in the internal auditory meatus and pons, and it can be best identified after drilling the posterior wall of the meatus. The Prass probe is used to identify the nerve in the canal at the beginning of tumor dissection. Intermittent stimulation is an invaluable tool in tracking the facial nerve throughout the dissection of the tumor capsule and vestibular nerve from the facial nerve. Stimulation is performed once again before cutting the vestibular nerve at the brainstem at the final stage of tumor eradication. The vestibular nerve is identified by its inability to evoke facial muscle activity, in contrast to the facial nerve.
Prediction of Postoperative Facial Nerve Outcome
The facial nerve can be anatomically preserved in most cases; however, 20-70% of patients suffer from postoperative facial nerve functional deficits. The loudspeaker monitoring has been introduced as a continuous monitoring tool that provides real-time updates on the functional integrity of the nerve. It was concluded that all prolonged audible activity in the EMG patterns recorded from facial muscles indicates functional damage to the nerve. 10, 23 Recently, the A train has clearly been identified as the only intraoperative EMG pattern corresponding to deterioration of facial nerve function. 26 Driven by perfection in vestibular schwannoma surgery, several studies have investigated the correlation of intraoperative facial EMG monitoring parameters and their ability to predict facial nerve outcomes. Several EMG parameters were studied: the A-train neurotonic discharges, stimulus threshold, response amplitude, and proximal to distal amplitude ratio. Prell et al. 24 found a strong correlation between the length of train time and deterioration of postoperative facial nerve function. Patients with no preoperative facial paresis were found to be able to tolerate up to 0.5 seconds of train time. At up to 10 seconds of train time, postoperative impairment was limited to deterioration by 1 House-Brackmann grade. 12 Also the ability of stimulus threshold and tumor size to predict postoperative facial nerve function has been evaluated. Fenton et al. 7 showed that a stimulus threshold < 0.05 mA and a smaller tumor size correlated with a House-Brackmann Grade of III or less in 88% of patients (59 of 67) initially after surgery. Neff et al. 21 found that an intraoperative EMG stimulus threshold of 0.05 mA or less and a response amplitude of 240 µV or more can help predict a House-Brackmann Grade I or II facial nerve function with a 98% probability. Mandpe et al. 15 showed that a stimulus threshold of 0.1 or less combined with a response amplitude of 200 µV or greater predicted a House-Brackmann Grade I-II facial nerve outcome in 88% of 44 patients. Goldbrunner et al. 8 demonstrated that a ratio of response amplitude recorded from stimulating the nerve both proximal and distal to the tumor dissection of 0.1 or less correlated with a poor facial functional outcome in 75% of patients at 6 months.
Cochlear Nerve Monitoring and Hearing Preservation
Hearing preservation is defined as preservation of hearing within normal and social hearing classification, that is, pure tone audiometry ≤ 50 dB and speech discrimination score ≥ 50% according to guidelines of the American Academy of Otolaryngology-Head and Neck surgery. 1 The surgical approach used is either the middle fossa approach or retrosigmoid transmeatal approach. Intraoperative cochlear nerve monitoring has been traditionally performed with BAEPs. However, direct CNAP monitoring has been used in multiple centers and is theoretically the most ideal technique since surgical manipulations resulting in reduced activity or desynchronization of high-frequency nerve fibers can be detected as a change in amplitude or latency of the wave. The classic BAEP comprises 5-7 peaks. Wave V tends to be the most robust and is the most closely monitored during surgery. The surgeon is alerted when the change in latency of Wave V exceeds 0.5 msec or if there is change or disappearance of any wave. Several studies have failed to show strong evidence of higher hearing preservation with intraoperative cochlear nerve monitoring. The main benefit is the ability to predict outcome in those patients who have diminished responses at the end of surgery. 13, 20 Both CNAP and ECOG have the advantage of being near-field techniques in which electrodes are placed close to the CN VIII or cochlea. Larger amplitude signals are produced and acquisition takes only 2-3 seconds (in contrast to minutes with BAEP), thus allowing near real-time feedback to the surgeon. Several studies have reported that CNAP monitoring and ECOG are more reliable than BAEP monitoring, while others have failed to prove their superiority in terms of hearing preservation (Table 1) . 6, 18, 19, 20, 22, 25, 27 Outcome Prediction and Improvement Ambitions to improve vestibular schwannoma surgery were beyond simply prediction of procedural outcome. The introduction of intraoperative monitoring has taken vestibular schwannoma surgery from impressionism to realism. Recognition of intraoperative CN functional damage did not stop at just warning the surgeon to stop dissecting and manipulating the facial or cochlear nerves. Perioperative steroids have been routinely used to minimize postoperative nerve damage attributed to postoperative edema. The modest effect of steroids in improving postoperative facial and cochlear nerve function drove tremendous research efforts focused on improving micro- circulation in anatomically preserved nerves. Animal studies have shown the neuroprotective effect of the calcium channel blocker nimodipine as it improves resprouting, promotes axonal growth and remyelination, and reduces polyneuronal innervations of the target muscles. 2, 9, 16, 17, 32 Clinical trials based on medicating patients who develop reversible pathognomonic intraoperative BAEP patterns or A-train EMG activity with a combination of intravenous HES, a vasoactive agent, and nimodipine have shown improvement in long-term functional results. 31, 32, 34 In a recent important prospective and open-label randomized pilot study reported by Scheller et al., 30 prophylactic vasoactive treatment consisting of nimodipine and HES showed significantly better results concerning preservation of facial and cochlear nerve function in vestibular schwannoma surgery. This study also indicated that prophylactic use combined with surgery seems to be more successful in hearing preservation and facial functional recovery than intraoperative application.
Conclusions
Successful preservation of facial and cochlear function in vestibular schwannoma surgery has been improved by the introduction of intraoperative neurophysiological monitoring techniques. Intraoperative BAEPs, direct CNAPs, and facial nerve EMG are the main tools to assess the functional integrity of an anatomically intact CN. The identification of pathognomonic BAEP and EMG patterns has been correlated with postoperative functional outcomes. Experimental and clinical studies concerning cochlear and facial nerve function have set the stage for the perioperative administration of intravenous HES and nimodipine as vasoactive and neuroprotective agents that may improve vestibular schwannoma functional outcome.
